For the first time, we demonstrate the possibility to generate record-high output radiation power exceeding 1 W in an all-fibre figureeight mode-locked Yb fibre master oscillator based on non-linear amplifying loop mirror. Generated at the repetition rate of 25 MHz clusters of sub-pulses with duration of no more than 200 fs have envelope width of 23 ps or less. Two typical mode-locked laser regimes with substantially different generation spectra are identified and results of their study presented. Numerical modelling of laser generation in the proposed layout agrees well with the measured experimental data. 
Introduction
Figure-eight (F8) fibre lasers [1] [2] [3] [4] offer a practically interesting configuration of ring lasers, where passive mode locking may be achieved without resorting to the effect of non-linear polarisation evolution (NPE), saturable absorbers, or end reflectors (used in linear cavities). This possibility is attractive because the effect of NPE requires continuous high-precision control over the radiation polarisation, saturable absorbers, as a rule, have limited lifetime compared to other components of a fibre laser cavity, whereas end reflectors must have a relatively broad reflection spectrum exceeding that of the generated short pulses, which poses certain problems in all-fibre laser systems.
Mode-locked F8 fibre master oscillators also hold a significant potential of increased average output power (or pulse energy) directly at the output of a master oscillator without any external amplification [5] . Output power achievable in F8 fibre master oscillators is predominantly limited by power handling threshold of optical elements used in the resonant cavity. Nevertheless, the highest average output powers reported earlier in mode-locked F8 fibre master oscillators reached the 100-mW level [6, 7] . The present work studied possibilities of raising substantially the output power of mode-locked F8 fibre master oscillators. Such possibilities were also indicated by the fact that fibre master oscillators based on a different configuration (mode-locked by semiconductor saturable absorbers) were successfully used to generate average output power of 2.4 W with pulse duration of 44 ps [8] .
Passive mode-locking in F8 fibre master oscillators is usually achieved either by means of a non-linear optical loop mirror [1, 4, [9] [10] [11] or with the help of a non-linear amplifying loop mirror (NALM) [2] [3] [4] [5] [6] [7] . A comparison of laser systems relying on these two types of loop mirrors was carried out in [12] , where it was demonstrated that both non-linearity of amplifying loop mirrors and the parameters of generated pulses depend on amplification. In this context, it was interesting not only to study possibilities of boosting the output power of F8 master oscillators with NALM, but also to map the domain of variability of temporal and spectral parameters of output pulses as the output power is varied in a broad range.
The present paper reports for the first time the results of research into an all-fibre figureeight mode-locked Yb fibre master oscillator using NALM, capable of delivering from two output ports of its resonator more than 1 W of total output power when generating trains of double-scale pulses [13] [14] [15] with envelope width not exceeding 23 ps and filled with 200-fs sub-pulses. The output power in the studied configuration of a fibre master oscillator was only limited by the power of the available pump source amounting to 7.4 W at 978 nm.
Experimental setup
The layout of the studied fibre master oscillator is shown in Fig. 1 . Its cavity has a figure-8 shape and uses NALM for triggering mode-locked operation. All fibres used in the master oscillator had normal dispersion within the generation spectrum.
The master oscillator cavity can be nominally considered as consisting of two parts: a passive loop only containing polarisation-maintaining fibre, and an active loop forming NALM and containing active non-polarisation-maintaining Yb-doped fibre and a birefringent fibre-optical spectral filter composed of two polarisation-maintaining fibres d1, d2 with different length and two polarisation controllers [16] . The cavity's passive и active loops are interconnected by a 2 × 2 polarisation-maintaining fibre coupler with 50/50 split ratio. The passive loop of the resonator includes a fibre-optical isolator and a 2 × 2 polarisationmaintaining fibre coupler with 30/70 coupling ratio for coupling the output radiation out of the resonator. Output ratio from the exit ports of the polarisation-maintaining fibre coupler varied depending on the generation regime between 0.55 and 0.82. The laser's gain medium was a 5-m long Yb 3+ -doped fibre side-pumped through a coupled core-less multimode fibre (GTWave fibre assembly [17, 18] : two fibres touching sides and surrounded by a low-index cladding). Active fibre had a 10-µm core and a 125-µm cladding and had absorption of 3.9 dB/m at 978 nm. The laser was pumped with a multi-mode laser diode delivering a maximum of 7.4 W of output at 978 nm. The pigtail of the pumped laser diode was mode-matched to the coupled multimode fibre that we used to side-pump the Yb 3+ -doped fibre. The pigtail itself was a stretch of multi-mode fibre with a 105-µm core and a 125-µm cladding.
Polarisation controllers installed close to splicing points of the standard single-mode fibre with polarisation-maintaining fibres d1 (80 cm long) and d2 (40 cm long) were used to set the radiation polarisation and to tune the fibre birefringent filter.
The master oscillator configuration studied in this work used fibre components able to withstand up to 2 W of continuous radiation.
For measurement of temporal properties of the generated pulses, we used a scanned autocorrelator FS-PS-Auto with working range of pulse durations from 10 fs to 35 ps and a fast oscilloscope/photo-detector combination with temporal resolution of 32 ps.
Experimental results
Depending on the configuration of the polarisation controllers and the pump power, different generation regimes could be realised, among which we identified two distinct ones with a single pulse train (cluster) over one cavity round trip and relatively stable pulse parameters. The first of these regimes (RG1) produced a wide (Δλ = 0.4-5.4 nm) radiation spectrum with no more than 2% pulse-to-pulse peak power instability. Output spectrum width of the second regime (RG2) was within the range of Δλ = 21-32 nm, pulse-to-pulse peak power instability reaching 30%. Figure 2 demonstrates auto-correlation functions (ACF) (Fig. 2(a) ) and radiation spectra (Fig. 2(b) ) of pulses generated in these two regimes at pump power of 7.4 W. It can be seen that the pulse envelope widths in these regimes are close, being equal to 21 and 23 ps, whereas their radiation spectra exhibit significant differences in width and shape (the spectrum widths differ by almost a factor of 6). The shape of the measured ACF is typical for double-scale pulses [14] : they feature a narrow (200 fs) peak on top of a picosecond-wide pedestal, although the ACF measured in different generation regimes vary in magnitude of the narrow peak by a factor of 2, indicating substantially different degree of coherence of pulses generated in different regimes [19] . The larger fraction of the output was coupled through port 1 ( Fig. 1 ) and amounted to 690 mW in regime RG 1 and 610 mW in regime RG 2 at the highest pump power of 7.4 W. As the pump power was adjusted, output radiation spectra changed considerably in both regimes ( Fig. 3 and Fig. 4) , however the pulse auto-correlation function underwent far less significant evolution.
The radiation spectrum of Fig. 3 exhibits both the main peak centred at 1090-1095 nm and a relatively small secondary peak located around 1140-1150 nm and corresponding to the first Stokes component of stimulated Raman scattering (SRS) in silica fibre. It should be borne in mind that wavelengths between 1140 and 1150 nm fall outside the working range of the coupler used in the master oscillator to feed radiation out of the cavity. Therefore, Fig. 3 merely indicates the presence in the cavity of the 1th Stokes pulse of SRS, not allowing a valid quantitative estimate of intensity ratio between radiation at wavelengths 1090-1095 and 1140-1150 nm. Intra-cavity conversion of the fundamental radiation into the 1th Stokes pulse of SRS in mode-locked ring fibre master oscillators was observed earlier [20, 21] . As the pumping power grows, intra-cavity Raman conversion begins limiting the intensity of the fundamental radiation component in generated pulses by channelling the intra-cavity radiation energy into multi-colour Stokes components incurring additional energy losses in the process of SRS. Therefore, as the pump radiation intensity is further increased, the studied F8 fibre master oscillator tends to generate related multi-colour pulses, however the generated oscillator power in the first and subsequent Stokes components depends to a significant degree upon spectral parameters of the passively transmitting elements (couplers, isolator) of the studied resonator. Fig. 3 . Output spectrum evolution in regime RG1 versus the pump radiation power. Inset: dependence of the average output power from port 1 of the F8 master oscillator upon the pump radiation power and the shape of pulse auto-correlation function at the average output power from port 1 of the F8 master oscillator equal to 290 mW and 690 mW.
Average radiation output power from port 1 was 380 mW in regime RG1 and 500 mW in regime RG2. Therefore, the total average power of the output radiation from both ports 1 and 2 at the highest possible pump power in regime RG1 reached 1.07 W and in regime RG2, 1.11 W. Radiation spectra at the exit of ports 1 and 2 of the F8 master oscillator and dependence of the average radiation power from these ports in generation regimes RG1 and RG2 are given in Fig. 5 .
Spectral width of radiation at the exit of port 2 was approximately 1.5 times larger than that of radiation from port 1, measuring 9.1 nm (RG1) and 47 nm (RG2).
Coupling of pulsed radiation out of port 2 in stationary generation notwithstanding an optical isolator inside the cavity's passive loop occurs because of a periodical transmission function of NALM with a fused polarisation-maintaining coupler [2, 3, 12, 22] , which allows pulsed radiation to filter from the passive cavity loop into the active loop in both directions (both towards the optical isolator and away from it towards port 2). 
Modelling
In order to correctly interpret the obtained results, let us consider a simple model where the field or a laser double-scale pulse [14] generated in the mode-locked F8 fibre master oscillator is represented as superposition of a regular and stochastic components:
where ( ) P t is the dependence of radiation power on time, T -pulse duration, ε -normally distributed stochastic complex part of the pulse field. Component
 is the result of superposition of a large number of uncorrelated modes. Under these assumptions, we can derive the expression for the magnitude ξ of the femtosecond peak on top of the picosecond pedestal of the auto-correlation function (ACF):
Magnitude of the femtosecond ACF peak ξ (2) monotonically increases with the fluctuation level σ , see Fig. 6(a) . This leads us to expect that regime RG2 with a higher ACF peak has a larger stochastic component in generated pulses compared to regime RG1. Instantaneous transmittance T of the NALM loop is given by the expression 1 2 (1 )[1 cos( )] T r r Δϕ = − − + [22] , where 0.5 r = is the coupling ratio and Δϕ -difference in non-linear phases of counter-propagating waves. Integrating the transmittance over the pulse and averaging over the field fluctuations (1), we will obtain ratio of powers 2 1 / P P for pulses with different magnitude ξ of the ACF peak (see Fig. 6(b) ). It can be seen that the minimum of this ratio 2 / 1 0.36 P P = is reached for conventional (single-scale) pulses having a sech 2 envelope (they were not generated in the studied laser, and this case is only mentioned for the sake of comparison). As field fluctuations σ in model (1) grow, so does the minimal ratio 2 1 / P P , and oscillations on the curve 2 1 / P P versus the average power are smoothed out because of averaging over fluctuations of radiation power inside the double-scale pulse. Predictions of model (1) qualitatively agree with the experiment: for pulses in regime RG2 with magnitude of the ACF peak 32% ξ = , ratio 2 1 / P P is close to 0.8 ( Fig. 6(c) ). 2) For double-scale pulses, the proportion of counter-propagating (towards port 2) radiation is higher than that for conventional (single-scale) pulses and grows with the level of field fluctuations due to averaging over fluctuations of radiation power inside the pulse train (cluster).
3) For double-scale pulses with lower degree of coherence (and, therefore, a larger ACF peak height magnitude ξ ), NALM loop transmittance converges to 50% for large non-linear phase difference (Fig. 6(b) ). Therefore, installation of a four-port fibre coupler after the isolator (Fig. 1) for coupling the radiation out of the cavity adds another output port for the radiation propagating in the opposite direction (that of port 2) with parameters comparable to those of the main output radiation. The power of radiation exiting port 2 in double-scale generation regimes may equal the power of output exiting the main port 1.
Conclusion
The studied all-fibre figure-eight mode-locked Yb fibre master oscillator with a NALM allowed to generate the highest reported to date average radiation output power exceeding 1 W. This laser features radiation output through two ports with the ratio of the secondary port output power to the main output power varying between 0.55 and 1. Parameters of radiation exiting both ports have been experimentally measured in two distinct generation regimes, significantly differing in spectra of generated radiation. In all studied cases, the output radiation represented a sequence of pulse trains (clusters) with envelope width not exceeding 23 ps following at repetition rate of 25 MHz and stochastically filled with femtosecond subpulses with duration not exceeding 200 fs. It must be noted that temporal and spectral parameters of output pulses varied substantially as the output power of radiation coupled out of both ports was adjusted. A broad variability range of spectral pulse parameters in the studied F8 fibre master oscillator accompanying changes in output power is comparable with the variability range of spectral pulse parameters in a fibre master oscillator mode-locked by NPE [23] , which is observed at different settings of polarisation controllers in the NPE-based mode-lock oscillator.
Output radiation power in the used configuration of fibre master oscillator was entirely limited by the available pump power of 7.4 W at 978 nm. The achieved relatively high average output radiation power and the possibility of its subsequent increase combined with certain advantages of the generated picosecond pulses (clusters of femtosecond sub-pulses) opens up new prospects of application of F8 mode-locked fibre master oscillators in many important fields, some of which have already become conventional, such as efficient nonlinear transformation of radiation [24, 25] , laser-induced breakdown spectroscopy [14] , micromachining [26, 27] , surface texturing [28] , laser ablation and deposition [29] , and many others.
Radiation output from two ports with broadly different spectra allows the studied laser to act as a simultaneous source of light with both narrow and broad spectra having close pulse duration. The unique combination of these output radiation parameters opens possibility of new challenges, which could be solved with a fibre-optical source of pulsed laser radiation featuring such interesting properties.
